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I. INTRODUCTION 

Quantum stationary states of matter in electromagnetic 
and strong fields are well known. Examples are eigenstates 
of electrons in atoms, and the ones of protons and neutrons 
in nuclei. It is straightforward to expect the existence of 
quantum states of matter in a gravitational field as well. In 
the laboratory the gravitational field alone does not create a 
potential well, as it can only confine particles by forcing 
them to fall along gravity field lines. We need a second 
"wall" to create the well. The analytical solution of the 
Schrodinger equation, which describes the quantum states of 
a particle with mass m above a horizontal reflecting mirror, is 
known and can be found in textbooks [1-3]. However, up to 
the present experiment no such quantum effect had been ob- 
served. It is very difficult to measure because gravitational 
quantum effects are negligible for macroscopic objects and 
the electromagnetic interaction dominates for charged par- 
ticles. Therefore one should use neutral elementary particles 
with a long lifetime. Such a scenario with slow neutrons was 
proposed in Ref. [4] and later discussed in Ref. [5]. Recently 
a high precision neutron gravitational spectrometer has been 
built and installed at the Institute Laue-Langevin. It is opti- 
mized for this scenario and related studies [6]. We will dis- 
cuss here an experiment, which allowed to observe for the 
first time the lowest quantum state of neutrons in the Earth's 
gravitational field. The results of this experiment were sum- 
marized in Ref. [7]. Here we will give a detailed account of 
all experimental aspects concerning this work. Additional 
discussions, analytical solutions, and related publications can 
be found elsewhere, for instance, in Refs. [8-22]. 

II. BASIC PRINCIPLES 

In the quasiclassical approximation the value of the nth 
energy level E n (n = 1,2,3,...) is calculated using the Bohr- 
Sommerfeld formula: 
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This approximation works extremely well for linear po- 
tentials and provides almost an exact solution even for the 
ground state (n= 1). Only acceleration in the Earth's gravi- 
tational field g, the neutron mass m = 940 MeV/c 2 , and the 
Planck constant ft = 6.61 X 10~ 16 eV/s define the energy val- 
ues E„ . The energies of the four lowest levels are 1.4 peV, 
2.5 peV, 3.3 peV, and 4.1 peV, respectively. The spatial neu- 
tron density distribution, which corresponds to the lowest 
levels, is shown in Fig. 1. The probability tf/~(z) of finding 
neutrons at the height z has n maxima and (n — 1) minima 
with the probability zero in each minimum as for any ordi- 
nary standing wave. 
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FIG. 1. Quantum states of neutrons are formed in the potential 
well between the Earth's gravitational field on top and a horizontal 
mirror on bottom. The probability of finding neutrons at a height z, 
corresponding to the nth quantum state, is proportional to the 
square of the neutron wave function ifrl(z)- The vertical axis z gives 
an idea about the spatial scale for this phenomenon. 
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FIG. 2. The experimental setup. The gravitational levels are expected to be formed above the bottom mirrors (6). The mirrors and the 
detector (7) are placed inside a vacuum chamber (5), which has a 30-/mi-thick Al entrance window. Between the exit of the neutron guide 
(1) and the vacuum chamber entrance (separated by a distance of —1.5 cm) an adjustable input collimator (9) is installed. The separation 
between the neutron guide and the experimental setup allows to mechanically isolate the setup against parasitic vibrations, originating from 
the neutron guide. The complete setup is mounted on a standard pressurized antivibration table (2). A system of three interconnected 
pneumatic valves provides leveling of the "floating" tabletop. A polished flat granite slab (3) is mounted to the "floating" table top on three 
active legs which consist of piezotranslators (4). They are connected in a closed loop with precise inclinometers (11), installed on the granite 
surface. Length variation of the piezotranslators enables automatic leveling of the granite with an absolute precision better than 10 yurad. A 
magnetic shield (8) insures screening of external magnetic field gradients. The entrance neutron guide (1) ends in a piece which has at its exit 
a horizontal opening of 13 cm length and of 1 cm height. A thin Al foil of thickness 30 /nm is glued to its exit. The entrance collimator (9) 
has two thick horizontal titanium plates with length and height larger than the size of the exit window of the neutron guide. The height 
position of every plate can be adjusted independently with the accuracy of —10 /jm. This titanium collimator, in combination with the 
absorber and the bottom mirror (6), allows for selection of neutron velocity components (see Fig. 4 below). 



The basic idea of this experiment is to let neutrons 
"flow" — with a certain horizontal velocity — between a mir- 
ror below and an absorber/scatterer above. The absorber acts 
as a selector for the vertical velocity component. Then one 
measures the number N of transmitted neutrons as a function 
of the absorber height Ah. This measurement should allow 
the identification of the neutron quantum states because a 
clear "signature" should appear: the classical dependence 
N Ch (Ah) is modified into a stepwise quantum-mechanical 
dependence Nq M {AIi) at small absorber heights Ah. This is 
described below. 

III. EXPERIMENTAL SETUP 

The experimental setup is shown in Fig. 2. Details are 
described in the text and in Ref. [6]. 

Neutrons of broad velocity and angular distribution arrive 
at the entrance of the setup. The spectrum of the horizontal 
velocity components of neutrons was measured. The results 
are described below and shown in Fig. 3. The angular distri- 
bution of neutrons at the entrance to the mirrors/absorber is 
illustrated in Fig. 4. The vertical angular divergence (~4 
X10~ 2 ) is defined by relative positions of titanium collimat- 



ing plates and the front edge of the bottom mirror. The ar- 
rangement of the absorber and the mirror reduces the range 
of incoming vertical velocities by an order of magnitude. The 
neutron transmission between the bottom mirror and the ab- 
sorber was measured as a function of the inclination angle of 
the complete setup. This showed that there is no correlation 
and demonstrated high uniformity of the phase space density 
of incoming neutrons. The upper cutoff in the vertical veloc- 
ity component is defined by the absorber height. Only neu- 
trons that can penetrate (between the bottom mirrors and the 
absorber) are those which have a very small vertical velocity 
component at the front edge of the bottom mirror (see Fig. 
4). This allows a simple determination of the horizontal ve- 
locity component. The lower cutoff in the horizontal velocity 
component defines a parabolic trajectory to start at the edge 
of the lower titanium collimator plate. The higher cutoff is 
done by the edge of the higher collimator plate. In actual 
measurements the heights of these two titanium plates were 
adjusted in such a way that there was no other cutoff in the 
spectrum of horizontal velocity components. This spectrum 
is shown in Fig. 3. The horizontal velocity component of 
5-15 m/s is much bigger than the vertical velocity of < 5 
cm/s. Therefore, in a vertical slice, one can find several neu- 
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FIG. 3. The spectrum is shown of the horizontal velocity com- 
ponents perpendicular to the detector surface. The solid points cor- 
respond to the height variation of the upper collimator plate (the 
lower plate has the minimal height). The open circles correspond to 
the height variation of the lower collimator plate (the upper plate 
has the maximal height). The zero height corresponds to the half 
intensity in the neutron flux measured with the absorber at the 
height of 150 /urn. The neutron horizontal velocity component is 
shown. It is calculated using the length of -—12 cm of parabolic 
trajectories. 

tron "planar jets" with a density dependency on the distance 
from the bottom mirror(s). 

The phase space neutron density, which corresponds to 
the lowest quantum states, is low. The count rate was 
10 3 — 10 1 s _1 in the "quantum" measuring regime (low 
absorber height, see Fig. 5) 
neutron flux through the 



On the other hand, the total 
entrance neutron guide is 
times higher! Therefore effi- 
cient background suppression is important in such a mea- 



10 6 s -1 , which is 10 7 -10 9 



surement. The background caused by external thermal neu- 
trons was suppressed by "4-ir shielding" of the detector with 
B 4 C rubber. A long narrow opening in the shielding of only a 
few millimeters in height allows to count those neutrons 
which penetrate between the bottom mirror(s) and the ab- 
sorber. Particular attention was paid to the part of the neutron 
background which results from multiple elastic reflection of 
ultracold neutrons (UCN) inside the experimental setup. A 
multislit shielding [Fig. 4(e)] between the entrance Al win- 
dow and the mirrors protects the detector also against those 
UCN which have been up-scattered (in energy) in the neu- 
tron guide or in the entrance collimator. However, this mul- 
tislit shielding does not influence the spectrum of vertical 
and horizontal components of velocity of neutrons counted 
in the detector. There is no direct view from the neutron 
guide to the detector while the neutrons, which are then 
trapped in the quantum levels states, move into the setup via 
curved parabolic trajectories. The upper titanium plate inhib- 
its the direct view to the detector. 

The bottom mirrors are standard optical polished glass 
plates. Their surfaces were studied with small angle scatter- 
ing of x rays [24]. The root mean square height roughness is 
— 10-20 A. The lateral correlation length of the surface 
roughness is —10 fim. Such a surface is sufficiently flat in 
order to provide specular reflections of neutrons from the 
mirror such that parallel and normal to surface motions of 
neutrons are rather independent. This provides a continuous 
neutron spectrum in the horizontal plane, but quantum states 
for the vertical motion. 

The absorber/scatterer is a glass plate with high macro- 
scopic flatness and with high microroughness. The roughness 
is a few micrometers. The correlation length of roughness is 
a few times larger. This glass plate is then coated on one side 
(using the magnetron evaporation method) with a Ti-Zr-Gd 
alloy (in the proportion 54%-ll%-35%, 0.2 fim thickness). 
This is usually used as an antireflecting sublayer in polarizers 
for cold neutrons [23]. Neutrons can be absorbed in it or 
scattered from the absorber surface, mainly nonspecularly. 




FIG. 4. A vertical cut through the collimators and a scheme of selection of neutron velocities and trajectories are shown. Absorbing 
materials are marked in gray. Long arrows illustrate those trajectories of neutrons, which can then penetrate into the detector. Short arrows 
illustrate "lost" trajectories. At the entrance side the absorber exceeds the bottom mirror by 3-5 cm. (A) Neutron guide, (B) its exit window, 
(C) titanium collimators, (D) entrance window, (E) multislit shielding, (F) absorber, and (G) bottom mirror. 
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FIG. 5. (a) The dependence N(Ah) for two bottom mirrors with the length of 6 cm. The solid circles show the data measured in the 
detector discrimination window "counting of all events." The solid curve fits these data with the classical dependence. The open circles 
correspond to the data measured in the "peak" discrimination window. The dotted curve fits these data with the classical dependence. The 
horizontal straight lines show the detector background values and their uncertainties measured with the reactor "off." The present data were 
measured in four sets. In every set the height was varied from zero to the maximum value, (b) The dependence N(Ah) for the bottom mirror 
with the length of 10 cm. The data and the fits are analogous to those shown in (a). The much lower (recall the logarithmic scale) triangles 
show the data measured with inverse geometry: the absorber on the bottom and a 10 cm mirror on top. The dash-dotted line corresponds to 
a dependence N(Ah) calculated for inverse geometry, (c) The summed dependence N(Ah). Four measurements with two 6 cm mirrors, two 
other measurements after complete readjustment of the setup, and three measurements with a 10 cm bottom mirror are included. The data are 
summed up in intervals of 2 fim. The solid circles correspond to the data measured in the discrimination window "counting of all events." 
The open circles correspond to the data measured in the "peak" discrimination window. The stepwise broad curves correspond to the fits 
using NQ M (Ah) dependence with idealized energy resolution. The dotted curve corresponds to Nq M0 (Ah) dependence for the discrimination 
window "counting of all events." The solid smooth curve corresponds to the classical dependence N CL (Ah) for the same data. 



Such a nonspecular reflection mixes horizontal and vertical 
velocity components and increases strongly the frequency of 
their collisions with the absorber. This mechanism allows to 
reject neutrons with a vertical velocity component, which is 
high enough to reach the absorber. 

A classical estimation for the distance Al between two 
subsequent collisions of a neutron with the bottom mirror (if 
it does not touch the absorber) is 



/.■tin 

A/ CL =2-V hor - V— . (2) 



where h is the maximal elevation of a neutron in the gravi- 
tational field and V hor is the horizontal velocity component. 

For our neutron spectrum, if the mirror and the absorber 
are longer than —10 cm then neutrons cannot pass through 
(in the classical approximation), without touching the bottom 
mirror and/or the absorber at any actually used absorber 
height. This condition allows to estimate the minimal mirror 
length which is sufficient for shaping the spectrum of the 
vertical velocity components. The uncertainty principle pro- 
vides an even shorter value for the minimal mirror length 
needed to resolve different quantum states (Refs. [5-7]): 
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h 

A/ QM =V hor - (jB2 _ £i) (3) 

(for the two lowest quantum states). The mirror should be 
significantly longer than these estimations [Eqs. (2) and (3)]. 

We measured the neutron transmission between the bot- 
tom mirror and the absorber as a function of the absorber 
height. The absorber is mounted on three active legs. The 
length of each leg can be varied to within 250 fim by means 
of a piezoelement. A precise two-axis inclinometer measures 
the relative shift of the absorber position when the legs are 
lifted subsequently one after another. The neutron count rate 
N(Ah) is measured in a cylindrical 3 He gaseous detector 
(2.3 bars Ar, 30 torr 3 He, 10 torr C0 2 , ~20 cm long, -1.7 
cm in diameter). The entrance window for neutrons (12 cm 
long and 1.5 mm high) is made of 100 fim Al foil. The 
detector is installed inside the vacuum chamber. It operates 
without electric discharges if the residual gas pressure is 
lower than ~2X 10~ 2 torr. The Al entrance window of the 
detector would reflect neutrons with a normal velocity com- 
ponent lower than 3.2 m/s, but the arrangement of the sepa- 
rating Al windows (the exit window of the neutron guide 
[(1), Fig. 2] and the entrance window of the vacuum cham- 
ber [(5), Fig. 2] had already removed such neutrons from the 
spectrum. 

IV. THE MEASUREMENT OF THE NEUTRON 
TRANSMISSION 

A measurement of the count rate of neutrons penetrating 
between the bottom mirror and the absorber versus the ab- 
sorber height allowed identification of the quantum neutron 
states. 

Two discrimination windows in the pulse height spectrum 
of the 4 He detector were set as follows: (1) A "peak" dis- 
crimination window corresponded to the narrow peak of the 
reaction 

n + 3 He^f+p, 2 = 0.764 MeV (4) 

and provided low background; (2) a much broader range of 
amplitudes (£'>0.15MeV) allowed "counting of all 
events." Usually the detector discrimination levels were ad- 
justed such that —50% of the neutron events were counted in 
the first discrimination mode and —90% were counted in the 
second discrimination mode. The background was (1.3 
±0.2)X10~ 3 s _1 and (4.6±0.3) X 10~ 3 s~\ respectively, 
when the neutron reactor was "off." Figure 5 demonstrates 
that the background was very efficiently suppressed: when 
the absorber height was zero and the neutron reactor was 
"on" then the count rate corresponded to within statistical 
accuracy the detector background measured with the neutron 
reactor "off." Other background sources, such as thermal 
neutrons from the reactor hall and UCN elastically or inelas- 
tically scattered inside the setup, were negligible, as can be 
seen in Fig. 5. 

Two configurations of the bottom mirror(s) and the ab- 
sorber were used. The width of two identical bottom mirrors 
in the first measurement was 10 cm and the length was 6 cm. 



These two mirrors were installed behind each other, with a 
slit between them smaller than about 5 fim. The height of 
these two mirrors was equal to within a few micrometers. 
The absorber width was 10 cm; its length was 13 cm. The 
absorber was shifted towards the entrance so that it did not 
cover the last 2 cm of the bottom mirror on the detector side. 
In the second measurement one bottom mirror of identical 
thickness and width and of 10 cm length was installed in- 
stead of the two shorter bottom mirrors. 

In an "ideal" experiment, described bellow, if Ah is 
smaller than, roughly speaking, the "height" of the lowest 
quantum state h l then Nq M should be zero. When Ah*" hi 
then A^q M should increase sharply. Further increase in Ah 
should not increase Nq M as long as Ah is smaller than the 
"height" of the second quantum state h 2 . Then, at Ah 
*"h 2 , again Nq M should increase stepwise. At sufficiently 
high Ah one should approach, for uniform distribution of the 
phase space neutron density, the classical dependence of 

^V Q m(A/ ! )^^V cl (A/i)-(A/ ! ) L5 (5) 

and the stepwise increase should be washed out. The power 
factor 1.5 in the classical dependence is due to simultaneous 
increase in the slit size (power factor 1) and in the range of 
acceptable vertical velocity components (power factor 0.5). 
The later one is a consequence of the gravitational field only. 
This is only precisely true if all neutrons are lost with a 
vertical velocity component, which is sufficient to raise in 
the gravitational field up to the absorber height. A compari- 
son of the experimental data to this asymptotic dependence 
provides a good test for the quality of the absorber. Figures 
5(a) and 5(b) show that the classical dependence N Ch (Ah) 
fits the data well at large Ah values. 

On the other hand, when we put a second reflecting mirror 
on top (instead of the absorber), we expect to get the depen- 
dence 

N test (Ah)~Ah, (6) 

which was also well confirmed in the corresponding mea- 
surement with two mirrors. 

In the measurement with the mirror on bottom and the 
absorber on top, we found that at lower heights the count rate 
N(Ah) is considerably suppressed compared to the classical 
dependence N CL (Ah). This is expected from quantum me- 
chanics. The strongest effect is measured when the absorber 
height is smaller than the "height" h l of the lowest quantum 
state of neutrons in the gravitational field (see Fig. 1). Such 
an assembly is not transparent at all. Neglecting the "fine" 
stepwise structure of the dependence Nq M (Ah), one could 
approximate it as 

N^o-iAh-hJ 1 - 5 . (7) 

Here h\~l5 fim corresponds to the energy of the lowest 
quantum state of 1.4 peV. This shift in height takes into 
account the effective reduction of available phase space com- 
pared to the classical model due to the uncertainty principle. 
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FIG. 6. Characteristic cleaning time for neutrons in the lowest 
quantum state is shown as a function of the absorber height. The 
absorber strength for these two curves differs by a factor of 3. 
Horizontal line corresponds to the average time of flight of neutrons 
through the mirror/absorber slit. 



verified by quantum-mechanical calculations with a complex 
potential reproducing our absorber. 

In this case the neutron flux at the detector is proportional 
to the number of "opened" levels. Thus 



N(Mi) = cf 



8-g-Alt 1 



in 



3 



(8) 



where the brackets [ ] mean the entire value, and a is a 
normalization coefficient. Obviously, the formula (8) repro- 
duces the classical behavior (5) at large values of Ah. This 
steplike function can be written using the Heaviside function 



0(x)- 



1, x>0, 
0, x^0, 



as follows: 



N(Ah) = a- y Z 6{Ah-h n ), 



(9) 



(10) 



where h n is the "height" of the nth level [see Eq. (1)]: 



Figure 5(c) shows that the dependence Nq MQ (AIi) corre- 
sponds approximately to the general behavior of the experi- 
mental data points. 

A more adequate and simple quantum-mechanical treat- 
ment Nq M (AIi) is based on quasiclassical Eq. (1). Let us 
assume that (i) the absorber captures all neutrons at the levels 
with the energies higher than the absorber's "potential" en- 
ergy m-g-Ah. Figure 6 shows that the neighbor quantum 
levels can be separated. The dependence on the absorber 
efficiency is weak, (ii) The absorber does not shift signifi- 
cantly the energy of other "opened" levels. Figure 7 shows 
that the energy of the lowest level is almost constant if the 
absorber is higher than 15 fim, and also the dependence on 
the absorber strength is weak. These two hypotheses were 



E, peV 



2- 



i - 



Ah, nm 



10 



- r- 

15 



20 



25 



30. 



FIG. 7. Energy of the lowest quantum state as a function of the 
absorber height. The absorber strength for these two curves differs 
by a factor of 3. Horizontal line corresponds to the exact value E t . 



n 

4 



-■h 



(11) 



Actually the absorber cuts the neutron spectrum at the 
energy slightly different from m ■ g ■ Ah since the overlap of 
the neutron wave function and the absorber potential has to 
be sufficient for the absorption of a neutron. Therefore the 
values h n are shifted upwards by a small value of about <5 
= 3 fim (which is a constant since the corresponding neutron 
wave function shape is the same for all levels): 



h'=h„+S. 



(12) 



The value 8= 3 yctm can be estimated but it follows also from 
fitting the experimental data. The resulting function has to be 
"smoothened" by its convolution with a Gaussian resolution 
function with a dispersion of more than at least d = 2 /jbm. 
This accounts for the experimental uncertainties (precision of 
the absorber height setting, inclination of the absorber, drifts 
of the slit size during the measurement, etc.): 



N{Ah)=--^Z 



1+erf 



/ Ah-hl 

f 

\ V2-d 



(13) 



Here erf() is the standard error function. Formula (13) de- 
scribes well the experimental data at large heights; however, 
we need to introduce different occupation numbers v n for the 
few lowest levels: 



JV QM (AA)=--S *V 

n=\ 



1+erf 



Ah-h'„ 
V2-d , 



(14) 



The formula (14) for Nq M (AIi) fits all experimental data 
as is shown in Fig. 5(c). The occupation numbers for fourth 
and higher levels are equal. The lowest level is significantly 



102002-6 



MEASUREMENT OF QUANTUM STATES OF NEUTRONS 



PHYSICAL REVIEW D 67, 102002 (2003) 



TABLE I. The flux of neutrons, which penetrate between the bottom mirror and the absorber, is presented 
as a function of the absorber height. The velocity intervals are chosen such that the count rates are equal at 
large absorber heights. 



Absorber 
height (/jm) 



Count rate, s , average horizontal 

velocity —6 m/s 
(1) "Peak" discrimination window 
(2) "Counting of all events" 



Count rate, s , average horizontal 

velocity —10 m/s 
(1) "Peak" discrimination window 
(2) "Counting of all events" 



19.5 
30.4 
40.7 



0.0065 ±0.0003 
0.0113±0.0004 
0.0135 ±0.0007 
0.0206 ±0.0009 
0.0274± 0.0010 
0.0411 ±0.0013 



0.0060± 0.0003 
0.0104± 0.0004 
0.0144± 0.0008 
0.0219±0.0010 
0.0265±0.0012 
0.0402 ±0.0014 



underpopulated; the third level is overpopulated. The reason 
for such behavior of the level populations has yet to be un- 
derstood. It might be partly due to a possible small step 
between the two bottom mirrors, which can influence the 
level populations [5,24]. The results of full quantum- 
mechanical treatment do not differ qualitatively from the 
present simple description, but provide "smoother" curves. 

As evident from Fig. 5(c), the measured data, in particu- 
lar, at A/i<20 /ttm, do indeed strongly contradict the classi- 
cal dependence /V CL (A/i). They are in a good agreement 
with the quantum-mechanical expectations Nq MQ (AIi) or 
N QM (Ah). 

The count rate of neutrons, which penetrate between the 
bottom mirror and the absorber, was measured in two differ- 
ent wavelength ranges. The horizontal velocity component 
was selected and measured using the entrance collimator 
with two titanium plates. In one measurement the lower plate 
was in its lowest position and one half of the total intensity 
was shadowed with the upper plate. In the second measure- 
ment the upper plate was moved to its highest position and 
one half of the total intensity was shadowed with the lower 
plate. So the neutron spectrum was divided into two equal- 
intensity parts and their average horizontal velocity compo- 
nents were —6 m/s and —10 m/s, respectively. 

The neutron fluxes in these intervals, as a function of the 
absorber height, are presented in Table I. Table I shows that 
the count rates do not depend on the horizontal neutron ve- 
locity component and correspondingly on the neutron wave- 
length. Only the vertical motion component is significant. 

The efficiency of the absorber was measured. For such a 
test it was placed to the bottom and the 10 cm mirror was 
placed to the top (inverse geometry). Such an assembly is not 
transparent for neutrons if the efficiency of the absorber is 
100%. The small penetration of neutrons through such an 
assembly provides an estimation for the absorber efficiency 
[see Fig. 5(b)]. The efficiency was found to be >95% for a 
120 fim slit size and >98% for a 60 fim slit size [see Fig. 
5(b)]. For the distance between two consequent collisions in 
the classic approximation [Eq. (2)], one gets an average ab- 
sorber efficiency of >90% per collision. This estimation cor- 
responds to the quality of the absorber, which is by far suf- 
ficient enough to have no significant related false effects in 
the transmission measurement. The excess of neutrons in the 



measurement with the absorber on the top compared with 
that with the absorber on the bottom (by a factor of —20 at 
120 fim and by a factor of —50 at 60 /jm slit sizes) is due to 
the confinement of neutrons in the gravitational field. With- 
out gravity, these two measurements (in normal and reverse 
geometries) would give the same results [see Fig. 5(b)]. 

V. ERROR ANALYSIS 

Let us analyze the reliability of the experimental results 
and consider systematic errors, which could influence their 
interpretation, concerning the existence of the lowest quan- 
tum state. Any beam-related background is negligible when 
the absorber height is lower than —15 fim (see Fig. 5). 

The experimental results are well reproducible: the "non- 
transparency" at small absorber height was measured 11 
times using different mirror configurations. 

The precision (see above) of mirrors, absorber, and colli- 
mator is sufficient to clearly rule out any problem with their 
shape. X-ray-based studies of the roughness of the mirrors 
confirmed that also the probability of nonspecular reflections 
of neutrons should be smaller than a few percent (for details, 
see Ref. [24]). This is an important issue, because one can 
imagine a scenario, in which the transmission of neutrons 
can be suppressed due to a highly imperfect mirror. One can 
estimate the number of reflections at the bottom mirror in the 
classical approximation [using Eq. (2)] and take an estimated 
suppression factor at small absorber heights from the data 
shown in Fig. 5(c). This shows that the observed suppression 
of transmitted neutrons at small absorber heights could only 
be caused by multiple "reflections" of neutrons from a non- 
perfect mirror if the probability for nonspecular reflections 
was as high as —60%, which contradicts the results of the 
x-ray measurements. Besides that, the neutron transmission 
would in this case depend strongly on the horizontal compo- 
nent of neutron velocity, which contradicts the observations 
(see Table I). 

The installation was placed inside a /A-metal shield and 
magnetic field gradients (which would be equivalent to a 
"curvature" of the mirror's surface) were measured to be 
sufficiently low. 

In order to avoid false suppression of the neutron trans- 
mission through the slit between the mirror and the absorber, 
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caused by neutron diffraction at the front edge of the bottom 
mirror, we shaped a sufficiently broad angular distribution of 
the initial neutron beam. Thus the diffraction angle for neu- 
trons at the lowest quantum state (\/ft 1 ~4X 10~ 3 , where X 
is the neutron wavelength) is much smaller than the angular 
divergence in the incoming neutron beam (~4X 1CF 2 ). Be- 
sides that, sizeable diffraction effects would depend strongly 
on the neutron wavelength, which is defined by the horizon- 
tal velocity component. This clearly contradicts the observa- 
tions (see Table I). 

There was no false effect caused by an "offset" in the 
height setting procedure. The maximal resulting error in the 
absorber height is a few micrometers if the height is <100 
/zrn. It is not necessarily negligible at intermediate to large 
heights because of the error accumulation after many 
changes of the absorber height, and also because of poor 
control of slow drifts of the leg's height or the inclinometer 
electronics. In further experiments a direct absolute measure- 
ment using capacitors replaces this system. However, the re- 
ported measurement is free of noticeable systematic errors at 
a small absorber height. Many tests of reliability of the ab- 
sorber positioning were carried out during the measurement. 
The height setting was controlled using a precise mechanical 
device (a comparator with the precision of ~1 /mi). The 
absorber was raised and moved back to zero height. This is 
easy to control by inclinometers because the absorber then 
touches the bottom mirror. Reproducibility and stability of 
neutron data were permanently controlled. In some measure- 
ments we replaced the piezopositioning system by foil spac- 
ers of known thickness. Every test gave a positioning preci- 
sion of at least a few micrometers at a small absorber height. 
The observation of transparency for visible light through the 
15 fim slit between the bottom mirror and the absorber con- 
firms also the absence of any sizeable offset in the absorber 
positioning. The neutron count rate through this slit was zero 
(see Fig. 5). 

On the basis of the considerations presented we conclude 
that the slit between the bottom mirror and the absorber at 
the absorber height of <15 fim is not transparent for neu- 
trons due to the quantum states of neutrons in the gravita- 
tional field. 

VI. CONCLUSION AND FURTHER STEPS 

The lowest stationary quantum state of neutrons in the 
Earth's gravitational field was identified for the first time. We 
measured the transmission of neutrons between a long hori- 
zontal mirror on the bottom and an absorber on the top. We 
found that such an assembly is not transparent for neutrons if 
the absorber height is smaller than the spatial width of the 
lowest quantum state. 

A clear observation of higher quantum states is a more 
difficult task than that for the lowest quantum state: In order 



to detect neutron flux showing that the first state is popu- 
lated, one has to compare an almost zero signal (low back- 
ground) with a nonzero signal. On the other hand, in order to 
resolve higher levels, one has to compare two nonzero and 
quite close signals. Besides that, the first step is the highest 
one, and the step height decreases quite rapidly with the state 
number. Therefore, even if step sharpness would be equal for 
all levels, the experimental separation of two neighboring 
levels is more difficult for higher levels. However, both the 
distance between levels as well as the experimental precision 
decreases with increasing level number. These reasons make 
the measurement of higher quantum levels more difficult. 
There are two main difficulties: The first one is the quality of 
the experimental setup itself (for instance, the accuracy of 
the absorber positioning, properties of the neutron beam, 
etc.), which can be, in principle, improved. The second one 
follows from quantum mechanics (the absorption of neutrons 
by the absorber is defined by an overlap of relatively smooth 
neutron wave function in the quantum state with the absorber 
profile) and cannot be easily changed within the setup and 
the method used here. The total uncertainty can be estimated 
from Fig. 5(c). 

In the near future, we hope to improve significantly the 
experimental resolving power. The neutron flux could also be 
increased by optimization of neutron transport in front of the 
experimental setup. The accuracy of mechanical positioning 
of the optical elements will be improved such that the corre- 
sponding uncertainties would be largely reduced. These will 
allow to measure directly the transmission dependence, de- 
fined by quantum-mechanical limitations only. 

In future generation experiments we would like to mea- 
sure resonance transitions between different quantum states. 
The resonance method of measurement should provide ulti- 
mately values of the energies of quantum states, and there- 
fore allow by far more precise results. Those could be used 
for different kinds of experiments, such as for the search for 
nonzero neutron charge or the search for extra fundamental 
interactions at small distances predicted in some modern 
quantum field theories (see, for example, Refs. [25,26], and 
references therein). 
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